Abstract-This paper presents the electrical and mathematical model of the supercapacitor. The equivalent mathematical model derived from electrical model was used to simulate the voltage response of the supercapacitor. The model has been implemented using Matlab software program. Simulation and experimental results of the voltage charging/discharging of the supercapacitor are compared. It was found out that the results obtained using the model is in good agreement with the experimental one. Moreover a mathematical model for the efficiency as a function of discharge time was developed and presented. The effect of charge/discharge rate on the supercapacitor's temperature is also experimentally considered. Experiments show that during charging the temperature rises more than during discharging.
I. INTRODUCTION
The high price of fossil fuels and environmental concern prompted every nation to conserve energy and pour out grants to find and conduct research on the use of alternative energy sources. The concern also grows over fossil fuel usage, in terms of global warming and resource depletion, which will result to a rapid increase in the use of renewable energy such as wind and photovoltaic. But these renewable energies require efficient and reliable energy storage [1] . Although renewable energy is free and environment friendly source of electricity, a storage element is required as an energy buffer in wind and photovoltaic systems to bridge the gap between available and required energy. The lead acid battery is generally the most popular energy storage device, because of its low cost and wide availability. However photovoltaic panels or wind are not an ideal source for battery charging as the output is unreliable and heavily dependent on weather conditions. The batteries cannot immediately response to the load requirement when sudden clouds or no wind occur. The batteries are often deep discharged, which damages the battery and shortens its useful life. It is not possible to ensure an optimum charge/discharge cycle. Undercharging of the battery leads to sulfation and stratification; both of which shorten the lifetime of the battery. Another cause of reduced battery life is gassing, which results from battery overcharging [2] .
One of the latest energy storage introduced to the market today is the supercapacitor. Supercapacitors are components for energy storage, dedicated for applications where both energy and power density are needed. Even if their energy density is ten times lower than the energy density of batteries, supecapacitors offer new alternatives for applications where energy storage is needed [3] . Supercapacitor has high power density but low in terms of energy density. This supercapacitor can be used in electric or hybrid vehicles in order to provide peak power for improved acceleration and for energy recovery. It can be connected in parallel with the vehicle battery during start up of an internal combustion engine with the purpose of decreasing the size and the power of the battery, and in fuel cell vehicles in order to reduce the power and therefore the cost of the fuel cell [4] . Supercapacitor can also be used as additional energy storage for hybrid wind and photovoltaic system. It can be connected in parallel with the battery for the purpose of charging or discharging high power in a short period of time. It charges energy when it is windy or sunny and discharges when no power generated from photovoltaic or wind due to the sudden passing clouds disturbance or very low wind speed. Supercapacitors can be a good supplement for batteries in the operation of wind and PV energy storage especially during heavily variable weather conditions. Hence, it is very important to determine and understand the characteristics of the supercapacitor especially in its voltage and energy responses during charging and discharging. This paper presents the modeling and simulation of a Maxwell 48V series BMOD0140-E048 supercapacitor module for energy storage applications.
II. SUPERCAPACITOR MODELING

A. Definition of Super Capacitor
A supercapacitor is a high-energy version of a conventional capacitor, holding hundreds of times more energy per unit volume or mass. A supercapacitor is an electrochemical device consisting of two porous electrodes immersed in an electrolyte solution that stores charge electrostatically. The capacitance is determined by the effective-area of the plates, the separation distance of the plates and the dielectric constant of the separating medium which is the same in the conventional capacitor. A conventional capacitor gets its area from plates of a flat, conductive material while supercapacitor gets its area from a porous carbon-based electrode material. The porous structure gives it a very high effective surface area compared to a conventional plate structure. It also insures a minimal distance between the "plates". These two factors lead to a very high International Conference on Computer Information Systems and Industrial Applications (CISIA 2015) capacitance compared to a conventional electrolytic capacitor." Supercapacitors can have 100 to 1000 times the capacitance per unit volume compared to a conventional electrolytic capacitor [5] .
B. Modeling of the Supercapacitor
The equivalent circuit used for conventional capacitors can also be applied to supercapacitors." Figure 1 shows the schematic circuit diagram as a representation of the first-order model for a supercapacitor given by [3] . There are four ideal elements of the circuit given in figure  1 , namely: a capacitance C, a series resistor R S , a parallel resistor R p , and a series inductor L. During charging and discharging, series resistance which is also called the equivalent series resistance (ESR) contributes to energy loss. Leakage current resistance which is the parallel resistance R p also takes energy loss due to capacitor self-discharge. In a practical capacitor R p is always much higher than R s , that is why R p can be neglected particularly in high-power applications.
A cell of a supercapacitor can be modeled using some standard circuit components as shown in figure 1 . The elementary structure of supercapacitor, which is based on the double layer capacitor technology, consists of two activated porous carbon-based electrodes [6] . The porous structure of this material allows its surface area to approach two thousand square-meters per gram. The measured capacitance of activated carbon shows a non linear relationship with their surface area, which result primarily from the porous material used to form the electrodes that cause the resistance and capacitance to be distributed whose electrical response is equivalent to the transmission-line model shown in figure 2 which shows a more accurate illustration of the equivalent circuit of the supercapacitor [6] . Hence, supercapacitor theoretical model could be treated as a transmission line with the voltage dependent distributed capacitance. However, the proposed simplified equivalent circuit of supercapacitor cell used in this study is shown in figure 3 where other RC's slow branch circuits are neglected. The classical equivalent circuit model illustrated in figure 3 is the simplest of the supercapacitor models and can adequately describe the capacitors performance in slow discharge applications (in the order of a few seconds).This model circuit is used to describe the terminal behavior of the supercapacitor.
The total capacitance of the supercapacitor cell is dependent on the voltage of the supercapacitor whose value can be express as a constant capacitor and a variable capacitor that varies linearly with the cell voltage (Vcell). Hence, the equivalent capacitance can be expressed as;
Resr is the equivalent series resistance that contributes to the energy loss during charging and discharging of a supercapacitor. R p is the equivalent parallel resistance that simulates energy loss due to supercapacitor self-discharge. Resistor R p is always higher than Resr and can be neglected during fast charge/discharge. While L is an inductor, it results primarily from the physical construction of the supercapacitor and it is usually very small. The supercapacitor used in this study comprises of 18 supercapacitor cells connected in series. Each cell has an operating voltage of 2.7 per cell, so the total terminal voltage is 48.6 volts. The overall simplified proposed electric model of the supercapacitor used in this study, neglecting the parallel resistance and the inductance, is presented in figure 4 . The total capacitance for the 18 cells in series is;
And the total equivalent series resistance is;
Kirchhoff's voltage law says the total voltages in a close loop must be zero. So applying this law in figure 4 when charging a supercapacitor will have this equation:
This equation can be expressed in differential equation in terms of charge (q) as,
while: q = CV Thus, it can be expressed in terms of the voltage of the supercapacitor (V C );
Solving for the voltage across the internal resistance;
At the instant of switching, t = 0
Multiply by C total and take a derivative;
Multiply by R ESR and note that v r (t) = R i(t)
And the solution of equation 7 is,
Hence, the voltage across the terminal of the supercapacitor is,
and for discharging a supercapacitor, the equation is;
and the terminal voltage of the supercapacitor in discharging is,
C. Modeling for Energy Efficiency of the Supercapacitor
As it was mentioned in section 2, one of the main parameters of supercapacitor is its series resistance. Internal losses are due to this resistor. Many manufacturers succeeded in reducing the value of this resistor but still its value induces an energy efficiency lower than unity which will cause the reduction of available power. The energy efficiency of the supercapacitor has to be considered especially in sizing a supercapacitive bank. The way supercapacitors are charged or discharged will influence their performances [7] . So it is very important to evaluate the energy efficiency of supercapacitors at different level of operating voltages before it will be used in a certain application. This will be the bases for developing power electronics that will control the current and voltage for loading and unloading which will optimize the performances of supercapacitors.
The energy efficiency is greatly affected by the values of the internal series resistance (R) and capacitance (C). A relationship between efficiency and discharging time has been established from the experimental results [8] . The discharging time can be express in terms of voltage discharge ratio which can be derived from the equivalent circuit of the supercapacitor connected to load as shown in figure 5 . The voltage v(t) can be determined from the equation of a parallel RC circuit, subject to the initial condition that v(0) = V o , [14] , the v C (t) of the circuit above can be calculated and expressed as Voltage discharge ratio can be express as;
And solving for the discharge time from equation 15;
Where R Load is a function of voltage (v) since the current (i) during discharging was set to be constant.
III. THE SERIES BMOD0140 SUPERCAPACITOR
The supercapacitor used in this experiment is the series BMOD0140-E048 as shown in figure 6 which is one of the supercapacitor's products manufactured by Maxwell Technologies Company. The module comprised of eighteen supercapacitor cells with an operating voltages of 2.7 per cell. The output terminal voltage is 48.6 volts. This module has an equivalent capacitance of 140 farad. The modules include bus bar connections and cell balancing circuitry. It was mentioned in the user's manual that the module-to-module cable is required for balancing series connected modules. The module balancing prevents any voltage offset accumulation, as modules are connected in series. Table 1 shows the manufacturer's specification for the BMOD0140-E048 supercapacitor. The discharge profile of a supercapacitor is shown in figure 7 as specified in the manufacturer's application note. There are two components of supercapacitor voltage profile; a capacitive component and a resistive component. The capacitive component represents the voltage change due to the change in energy within the supercapacitor and the resistive component represents the voltage change due to the equivalent series resistance (ESR) of the supercapacitor. Capacitive is the voltage drop due to discharge which is expressed as
The resistive component is given by the equation;
Equation 19 is the sum of equations 17 and 18 which is the total voltage change when charging or discharging the supercapacitor.
IV. SUPERCAPACITOR'S EVALUATION
The authors designed and fabricated an evaluation station for research on supercapacitor as shown in figure 8 and figure  9 . This station is used to test, control and monitor the charging and discharging of supercapacitor. Figure 8 is the block diagram of the supercapacitor evaluation station installed at the renewable energy laboratory of University of Massachusetts (Umass) Lowell. 
FIGURE IX. . SUPERCAPACITOR EVALUATION
The system consists of ac-dc power supply, circuit protection, diodes, dc load, sensors, data acquisition and personal computer. The Ac-dc power supply is used to charge the supercapacitor by a constant power/current charging or it can directly be charge from the 48V dc terminal of the 10.56kW photovoltaic system. Charge current flows through the 80A circuit breaker and passing through 60A diode before going to the supercapacitor. The purpose of the diode is to prevent a surge current flowing from supercapacitor back to the power supply. The dc dynaload is used to discharge energy from the supercapacitor. Discharge current flows from supercapacitor passing through a 100A circuit protection and going to the dc dynaload. Sensors (for current, voltage and temperature) were used to send a signal input to conditioning circuit before sending it to the data acquisition and save the data in the hard drive of the computer. Signal conditioning circuits for current, voltage and temperature were designed for the data acquisition to accept input signal. During the evaluation, data will be collected through the NI USB DAQ and will be automatically saved in the hard drive of the computer using a Lab View software program.
A simple current charging with standard power supply was being used in charging a supercapacitor. The current limit was being set to 20 amperes and the voltage limit was being set to the maximum required voltage. Figure 10 shows the curves of charging a supercapacitor at 20 amperes constant charging current, wherein it took 405 seconds to fully charge the supercapacitor at 51.8 volts. In discharging, the supercapacitor is connected to a dc dynaload. This load was being set at different level of constant current. After every fully charge of a supercapacitor, it was discharged at different level of constant current at 20, 40, and 60 Amperes. Figure 11 shows the curves at different load currents. The total times of fully discharging a supercapacitor were 370, 187 and 121 seconds at load current of 20, 40 and 60 amperes respectively. Data from the experiment shows that the capacitance of the supercapacitor cell varies linearly with the cell voltage (V cell ) as shown in figure 12 . V.
SUPERCAPACITOR'S EVALUATION
A. Charge and Discharge Voltage of the Supercapacitor
The mathematical model derived from the proposed electrical model of the supercapacitor is implemented using the Matlab software program. Figure 13 shows the charge profile of the supercacitor at supply surrent of 20 Amperes where dashed and solid curve are represented as simulation and experimental results respectively. It is clear that the results obtained using the model is in good agreement with the experimental one. Hence, the proposed electric model is validated and can be used in designing a voltage controller and in sizing a supercapacitor for storage application. Figure 14 shows the discharge profile of the supercacitor at load currents of 20, 40 and 60 Amperes where dotted and solid curves are simulation and experimental results respectively. It shows that simulation and experimental results are in good agreement whose minor difference attributed to the effect of the approximated electrical model. Although the derived equivalent model is not a perfect model, it gives a good approximation of the supercapacitor characteristics when compared to a real device in slow discharge applications.
Using this model, the authors can estimate and simulate of how much time the supercapacitor can be fully charge at high level of supply current. To adjust the supply current to a certain k factor, the left side of equation (5) must be divided by a k factor. Results in the simulation show that total times of fully charging a supercapacitor at rated voltage were 405, 202, and 135 seconds at supply current of 20, 40, and 60 Amperes respectively as shown in figure 15 . 
B. Experimental Results of the Effect of Charge/Discharge on Supercapacitor'S Temperature
Temperature of the supercapacitor during operation was being monitored since it is very important to determine how the temperature behaves when the supercapacitor is operated at different level of operating current so that it will be protected from damage. Modeling of the temperature of the supercapacitor is not being considered in this study but results of the temperature variations during evaluation are being presented. When a supercapacitor was charged for the first time at 20 amperes supply current, the temperature was initially at a constant of 9.8 o C for approximately 150 seconds and it started to increase exponentially until it was fully charge. Figure 16 shows the curves of temperature when the supercapacitor was charged at different initial temperature at 20 amperes charging. In all cases the supercapacitor temperature was initially constant and then it increases exponentially after 150 seconds of charging. 
VI. DISCUSSIONS AND CONCLUSIONS
This paper presents the electrical and mathematical modeling of the supercapacitor. The simulation of the charge/discharge voltage characteristics of a model supercapacitors are carried out using the mathematical model derived from the electrical model. The charge and discharge voltage behavior of the supercapacitor is simulated and experimented. It is concluded that the model is well capable of simulating the voltage behavior and can predict the time of charge/discharge voltage of the supercapacitor. Although the derived equivalent model is not a perfect model, it gives a good approximation of the supercapacitor characteristics when compared to a real device in slow discharge applications.
The energy efficiency of the supercapacitor was also modeled using the derived formula. This model was verified experimentally [8] . The experimental results show that the energy efficiency of the supercapacitor increases as a function of the discharge time. Since the discharge time is a function of the discharge current, so the higher the discharge current the lower the discharge time and the energy efficiency. The temperature effect of the supercapacitor was also experimented. It was observed that during charging the temperature stays constant for a while and then it increases exponentially. And during discharging it varies in a sinusoidal form. Experiments show that during charging the temperature rises more than during discharging.
Moreover, further study and analysis will be done when the supercapacitor will be connected to the existing wind/PV hybrid system as planned. In fact, supercapacitor is a good choice for peak power applications because of its high power density. If it is use in a hybrid system, the supercapacitor works with the battery to supply power to the load when the solar panel or wind turbine is not producing enough power [19] . In this situation the battery supplies constant low power to the load while the supercapacitor supplies the peak power requirements. This approach will result in an extension of the battery life and a reduction in the size of the battery pack as expected.
